Introduction
Due to the broad applications of cage and tubular inorganic nanostructures, it is important to study these compounds. They can be used for energy storage, sensing devices, drug delivery, medicine, and catalysis.
1−5
Recently, numerous theoretical studies on this topic have been reviewed by Bromley et al. 6, 7 Moreover, several research groups have reviewed the experimental findings about these novel nanomaterials.
1−5,8−14
Alumina is an inorganic nanostructure with excellent catalytic performance. Due to the thermal, chemical, and mechanical stability of alumina, this compound is widely used in industry. 15 Many different shapes of alumina nanostructures such as nanoparticles, 16 nanocapsules, 17 nanowires, 18 nanotrees, 19 nanorods, 20, 21 nanochannels, 22 and nanotubes 23−36 have been prepared and characterized in recent years. Theoretical studies play an important role in determination of the structural and electronic properties of these compounds.
37−49
The small alumina nanoclusters were widely studied in the literature. 37−41 For instance, Rahane et al. 37 have studied the atomic structures, growth behavior, and vibrational and electronic properties of these nanomaterials. The best performance was obtained for 4-and 6-membered rings isomers with the lowest energy. 37 Sun et al. 40 have studied the structure and stability of alumina clusters and their practical application * Correspondence: m.zamani@du.ac.ir for hydrogen adsorption. They found a global energy minimum for small clusters as perfect cages. For larger clusters, the cage-dimer and then an onion-like structure is more favorable. 40 Gu and co-workers studied the stability and bonding properties of single-cage and core-shell cage alumina nanoclusters. 41 The core-shell clusters were found to be more stable than corresponding single-cage clusters that predominate in the medium-sized clusters.
41
The structural and electronic properties as well as the catalytic activity of alumina surface have been studied at nanoscale, 45−47 and in nanochannels, 46 nanocages, 48 and nanotubes. 49 Each nanochannel is composed of two platelets like nanosized alumina surfaces joined together. 46 The size of the cavity in the lowest energy minimum alumina nanochannel is 4Å, 46 which is sufficient for encapsulating the small molecules. The calculated electronic structure and simulated scanning tunneling microscopy images of an Al 20 O 30 alumina nanocage (ANC) predicted that this compound with a pore size of 7.2Å has a greater tendency to make endohedral complexes. 48 Therefore, ANC has potential applications such as space confined nanoreactors, drug delivery, nanocapsules, and gas storage. 48 The difficulty in putting a single molecule inside the perfect cage is the big problem with using an ANC as a molecular container. The purpose of the present work was to solve this problem through the molecular design of a novel Al 30 O 30 star-shaped alumina nanocage (SANC) with an internal pore for the capturing as well as two openings for the entering and exiting of the small molecules. The structural and electronic properties of the SANC were analyzed and compared to the corresponding data for an alumina perfect nanocage and nanotube. The interaction of a water molecule with its all active sites was examined by DFT calculations to identify the active site of this compound.
Results and discussion
In this study, the molecular structure and electronic properties of an Al 30 O 30 SANC were analyzed using CAM-B3LYP density functional combined with 6-31G** basis set for oxygen and LanL2DZ effective core potential basis set for aluminum. This level of theory was written as CAM-B3LYP/6-31G**/LanL2DZ on the basis of previous assignments. 48 −50 More details on the computational procedure are given in the computation section.
The optimized structure of the SANC with C 6h symmetry is shown in Figure 1 . The internal and external diameters of this molecule were 5.7 and 6.2Å, respectively, on the basis of the optimized geometry calculated via CAM-B3LYP/6-31G**/LanL2DZ level of theory. Different aluminum and oxygen active sites of SANC were labeled with the roman numbers I to III in Figure 1 with the corresponding modes related to perfect cage and tubular alumina nanomaterials, which show a shift to lower frequencies. Meanwhile, the bending modes move to higher frequencies.
Al(III)
Al ( Figure 3 . The valence band corresponding to the occupied orbitals of the ANC and ANT is seen at about -9 to -18 eV. This region mainly consists of O 2p atomic orbitals. The conduction band related to the virtual orbitals of ANC and ANT is seen above -1 eV and is mainly composed of Al 3s atomic orbitals. The valence band of the SANC appears in the region from -6 to -17 eV. The new band below the original valence band edge between -6 and -9 eV corresponds to Al 3s and 2p atomic orbitals. The main molecular orbitals of the SANC in this region are shown in Figure  4 . The conduction band of the SANC with the contribution of Al 3s and 2p atomic orbitals appears above -1.7 eV. More important molecular orbitals of SANC in this region are indicated in Figure 5 . The highest occupied molecular orbital (HOMO) of the SANC is twofold degenerate with E 1u symmetry (Figure 4 ) and the lowest occupied molecular orbital (LUMO) is nondegenerate with A u symmetry ( Figure 5 ).
The orbital energies of the HOMO and LUMO in CAM-B3LYP/6-31G**/LanL2DZ level of theory are -6.14 and -1.72 eV, respectively. As shown in Figures 4 and 5 , the electron density is delocalized inside the cage with the first one over the Al(II) sites in the internal pore and the second one over the Al(I) sites in the openings of the cage. The calculated natural atomic orbitals analysis can predict that the HOMO and LUMO of the SANC arise mostly from Al 3s and 2p atomic orbitals. The canonical molecular orbital analysis predicts that the HOMO of the SANC has 65% nonbonding character, while the LUMO is 72% antibonding.
A g (-7.30)
A u (-7.00) E 1g (-6 The theoretically estimated energy separation between the HOMO and LUMO, which can be called the energy gap (∆E gap ), for the SANC is 4.4 eV. This value is lower than those calculated for the alumina nanocage and nanotube ( > 8 eV) (Figure 3 ). Since there is no experimental evidence about the electronic structure of the SANC in the literature, this value is comparable to the experimentally measured ∆ E gap for the bulk structure of γ -alumina (7.0 eV) 51 and α -alumina (8.8 eV).
52
The relative stability of various types of alumina nanostructures with molecular formula Al n O m can be estimated by the calculation of binding energy per atom (BE/atom) in the cluster (refer to Eq. (1) The calculated contour map of electron density Laplacian for the symmetry planes passing through the main adsorption sites Al(I-III) of the SANC is shown in Figures 6a-6c . These images describe the difference in distribution of electron density at the openings, internal pore, and external arms of the cage. The natural charge on Al(I) atoms in the openings of the cage is 2.113ē, which is more positive than the Al(II) atoms in the internal pore (1.330ē) and the Al(III) atoms in the external arms (0.850ē). It is possible for these sites to have different activity. To evaluate this characteristic, the interaction of one H 2 O molecule with each active site was considered at CAM-B3LYP/6-31G**/LanL2DZ level of theory (Figure 7) . The H 2 O molecule has a greater trend to interact with two bridge Al(I) positions of openings from the inside of the cage at a distance of 2.3Å with the interaction energy ( ∆ E Int ) of -23.8 kcal/mol, or adsorb the top of the Al(I) site of openings at a distance of 2.0Å with the interaction energy of -36.8 kcal/mol. Energy decomposition analysis of ∆E Int indicates that the contribution of induction energy for these structures is -21.4 and -24.3 kcal/mol, respectively. The sum of exchange repulsion and electrostatic interaction terms is also negative (-2.4 and -12.5 kcal/mol, respectively), suggesting that the exchange repulsion forces are totally quenched by the attractive electrostatic interactions. Meanwhile, adsorption of water over two bridge Al(III) sites on the external arms of SANC at a distance of 2.5Å is favored by -8.7 kcal/mol energy releasing. The sum of exchange repulsion and electrostatic interaction terms is positive (3.3 kcal/mol). Therefore, the induction term has the main contribution to the interaction energy of this compound (-12.0 kcal/mol). Molecular adsorption of water over two bridge Al(II) atoms in the internal pore of the SANC at equilibrium distance of 1.9Å is energetically unfavorable (positive interaction energy). Energy decomposition analysis of ∆ E Int (+39.5 kcal/mol) indicates that the negative parts of interaction energy (induction and electrostatic terms) are totally quenched by exchange repulsion, i.e. -144.7 vs. 184.2 kcal/mol. The more negative interaction energy value indicates stronger adsorption of water over the surface. Therefore, the following order is predicted for relative water adsorption activity of aluminum sites of the SANC: Al(I) > Al(III) >>> Al(II). to -27 kcal/mol at equilibrium distance of 2.0Å).
49 These sites also have more negative interaction energy than those reported for molecular adsorption of H 2 O over the γ -alumina (100) surface, both experimentally (-19.8 kcal/mol) 55 and theoretically (-19.9 kcal/mol). 46 Therefore, the SANC can be introduced as a novel alumina nanostructure with higher water adsorption activity than well-known alumina compounds.
In summary, the structural and electronic properties as well as water adsorption activity of a novel Al 30 O 30 SANC were studied using DFT. These properties were compared to those for the other types of alumina nanomaterials, i.e. Al 20 O 30 nanocage and Al 50 O 75 nanotube. The electron density of the HOMO and LUMO of the title compound is delocalized inside the cage. These orbitals arise mostly from Al 3s and 2p atomic orbitals. The relative strength of the SANC adsorption sites is predicted as openings > external arms >>> internal pore. This compound can be introduced as a novel alumina nanostructure with lower stability and higher activity than other alumina materials.
Computation
The Coulomb-attenuating B3LYP method (CAM-B3LYP) 56 was employed for geometry optimization and frequency analysis of the SANC. It was also used to investigate the interaction of H 2 O molecule over all active sites of this compound. CAM-B3LYP has a similar quality of B3LYP 57 and performs well for the charge transfer interactions. 56 The Los Alamos relativistic effective core potential plus DZ basis set (LanL2DZ) 58, 59 was used for aluminum atoms. The 6-31G** basis set 60 was also applied to oxygen and hydrogen atoms.
The relative stability of various types of alumina nanostructures was determined based on the calculated binding energy per atom in the cluster using Eq. 
The basis set superposition error (BSSE) corrected interaction energy ( ∆E Int ) between the SANC and H 2 O was calculated using the Boys-Bernardi counterpoise method 61 through Eq. (2), where E SAN C and E W ater are the energy of components at the geometry of complex with the basis set of complex. The ∆E Int values were also decomposed into the induction term ( ∆E Ind ) and the sum of electrostatic and exchange repulsion terms (∆E Elst + ∆E Exch ) , as presented in Eq. (3).
∆E Int = ∆E Ind + ∆E Elst + ∆E Exch
Wavefunction analysis 62 was used to study the electronic properties of the SANC, which include the population analysis of molecular orbitals, visualization of electronic contour plots for the HOMO and the LUMO, calculation of the HOMO-LUMO energy gap (∆E gap ), molecular orbital compositions, and DOS. All calculations were performed using the Gaussian-09 software package. 63 The natural population analysis, which includes the calculation of natural atomic charges and natural atomic orbitals (NAO), was carried out using the NBO 3.1
program.
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